Keywords: yofortierite, crystal structure, Mössbauer spectrum, electron microprobe analysis, short-range order inTrOdUCTiOn Yofortierite was described as the Mn-analogue of palygorskite by Perrault et al. (1975) , and the ideal formula of yofortierite is generally written as Mn 5 (Si 8 O 20 )(OH) 2 (H 2 O) 9 (Back & Mandarino 2008) . The minerals of the palygorskite group show a range of chemical compositions and structural variations, but there is reasonable coherence between their chemical formulae, unit-cell dimensions, and space-group symmetry (Table 1 ). The structural unit common to these four minerals is an [M 5 (OH) 2 (T 8 O 20 )] framework, essentially amphibole I-beams that link by sharing tetrahedron corners to form a framework of tetrahedra and octahedra. Palygorskyite forms one end of the palesepiole polysomatic series (Ferraris & Gula 2005) , the other end being sepiolite, and various members of this series are known, e.g., kalifertisite (Ferraris et al. 1998) , together with related minerals, e.g., intersilite (Egorov-Tismenko et al. 1996 , Yamnova et al. 1996 and raite (Pluth et al. 1997) . The structures of the other members of the palygorskyite group have been reported (Table 1) and all have significant vacancies at the octahedrally coordinated M sites, suggesting that the formula Mn 5 (Si 8 O 20 )(OH) 2 (H 2 O) 9 generally given for yofortierite may be rather idealistic. Here we report a more accurate determination of the structure and chemical formula of yofortierite, and show that short-range order and local bond-valence requirements exert considerable control on the chemical composition of this mineral.
X-raY daTa COllECTiOn and sTrUCTUrE sOlUTiOn-rEFinEmEnT
The material from which we selected the crystal is from the Poudrette Quarry, Mont St.-Hilaire, Rouville County, Québec, and is from the mineral collection of the Department of Natural History, Royal Ontario Museum, specimen number M34865. A single crystal of yofortierite (10 × 20 × 220 μm) was mounted on a Bruker D8 three-circle diffractometer equipped with a rotating-anode generator (MoKα X-radiation), a multilayer optics incident-beam path, and an APEX-II CCD detector. A sphere of X-ray diffraction data (20,344 reflections) was collected to 60° 2θ using 60 s per 0.3° frame with a crystal-to-detector distance of 5 cm. The unit-cell parameters were obtained by least-squares refinement of 9955 reflections (I > 10σI), and are given in Table 2 . Empirical absorption corrections (SADABS; Sheldrick 2008) were applied and identical data merged to give 7519 reflections covering the entire Ewald sphere and 1946 unique reflections with R merge = 1.5%.
As with tuperssuatsiaite (Cámara et al. 2002) , there are numerous weak reflections violating the C-centering (using a test integration on a primitive cell). However, precession slices produced from the data frames reveal extremely poorly defined weak diffuse intensity in these regions that does not conform to sensible diffraction maxima that can be reliably indexed or integrated. In general, all diffraction spots on the C-centered cell have diffuse margins and show pronounced elongation along a*. Structure refinement was initiated with the coordinates and site labeling for tuperssuatsiaite (Cámara et al. 2002) , and converged to R 1 = 4.9% and wR 2 = 13.9%. At the final stages of refinement, a peak was noted in the difference-Fourier map ~1 Å from the O(5) anion that the incident bond-valence (see later discussion) indicates is an (OH) group. Refinement of the positional coordinates of the H atom with fixed isotropic-displacement parameter and occupancy, and a soft constraint that O(donor)-H ≈ 0.98 Å, together with all other variable positional coordinates, anisotropicdisplacement parameters, and site-scattering values (Hawthorne et al. 1995) for the M sites, converged at an R 1 index of 4.90%. Final atom coordinates, anisotropicdisplacement parameters, selected interatomic distances and angles, and refined site-scattering values are given in Tables 3, 4 , and 5. Bond valences were calculated with the curves of Brown & Altermatt (1985) and are given in Table 6 .
mössBaUEr spECTrOsCOpY
Transmission Mössbauer-spectroscopy measurement was done at room temperature (RT) on a powdered sample using a 57 Co(Rh) source. Approximately 2 mg of sample was mixed with sugar and finely ground under acetone to avoid oxidation. The mixture was then loaded into a Pb ring (2 mm inner diameter) and covered by tape on both sides. The resultant Mössbauer absorber contains ~1 mg Fe/cm 2 . The spectra were analyzed using a Voigt-based quadrupole-splitting-distribution (QSD) method (Rancourt & Ping 1991) . The Mössbauer 
* The currently accepted formula of yofortierite is given; the present study modifies this slightly. References: (1) Chisholm (1992) , Artioli & Galli (1994) , Chiari et al. (2003) , Giustetto & Chiari (2004) , Post & Heaney (2008) ; (2) Karup-Møller et al. (1984 ), von Knorring et al. (1992 , Cámara et al. (2002) ; (3) Perrault et al. (1975) , this study; (4) Chukanov et al. (2012) . 
a: x, y, z-1. parameters are given in Table 7 ; the center shift (CS) is given relative to α-Fe at room temperature, and indicates that all Fe is in the trivalent state (Fig. 1) .
CHEmiCal COmpOsiTiOn
Yofortierite (not the X-ray crystal) was analyzed with a JEOL JXA-8230 electron microprobe operating in wavelength-dispersion mode with an accelerating voltage of 10 kV, a specimen current of 10 nA, and a beam diameter of 5 μm. The following standards were used: adularia (Al, K); diopside (Si, Ca); rutile (Ti); chromite (Cr); gahnite (Zn); synthetic fayalite (Fe); synthetic hausmannite (Mn); synthetic forsterite (Mg); albite (Na); synthetic fluorphlogopite (F); scapolite (Cl). Ten points were analyzed, the data were reduced and corrected by the Armstrong phi(rho-z) correction as contained in CITZAF; very minor F and Cl were detected, but analysis of the epoxy indicates that this is probable epoxy contamination. Mössbauer spectroscopy showed that all Fe is in the trivalent state. The mean chemical composition is given in Table 8 .
CalCUlaTiOn OF THE CHEmiCal FOrmUla
Initial normalization of the chemical formula on 22 (O + OH) pfu (per formula unit) gave Si considerably in excess of 8 atoms pfu (~8.2 apfu) . Re-analysis with a different electron microprobe confirmed the original values, and suggested that the normalization procedure used for calculating the formula was not appropriate. The presence of significant vacancies at the M sites (Tables 5 and 8 ) raises the issue of electroneutrality: the ideal formula Mn 5 Si 8 O 20 (OH) 2 (H 2 O) 9 is neutral, but this situation is perturbed by the occurrence of significant vacancies at the M sites (i.e., substituting for Mn 2+ ). To some extent, this is compensated by the occurrence of Fe 3+ (and very minor Al and Ti) at the M sites, but there are insufficient higher-valence cations to produce electroneutrality, and some other mechanism must also be operative. The only possibility is to reduce the amount of negative charge in the structure. This is most easily done by substituting (H 2 O) for (OH); the amount of (H 2 O) so introduced may be calculated as follows: (1) The charge of the cations at the M sites was calculated, and the deficiency from the ideal value of 10 + was compensated by introducing an equivalent amount of (H 2 O) substituting for (OH) at the O(4) site. This amount of (H 2 O) was fed back into the calculation of the formula and the amount of (OH) was adjusted accordingly, producing a minor change in cation stoichiometry. This process was repeated to self-consistency. A separate issue involves the amount of (H 2 O) occurring in the channels of the structure [i.e., at the O(9) and O(10) sites]. If these sites are fully occupied by (H 2 O), they will contribute (H 2 O) 8 to the formula unit. However, site-scattering refinement (Table 5) indicates that these two sites are not fully occupied. Confidence in this result is not strong: the resultant sitepopulations are 3.60(13) and 3.67(10) (H 2 O) groups pfu, but they do suggest that the (H 2 O) content is somewhat deficient relative to the ideal value. Thus we used the value of 7.27 (H 2 O) groups pfu in the calculation of the chemical formula. The value used for the (H 2 O) groups in the channels does not affect the stoichiometry of the rest of the constituents in the formula; it only effects the sum of the oxides in the chemical composition.
The final chemical composition is given in 8 . It is interesting to note that the "excess Si" observed in the initial calculation has disappeared; this "excess Si" was the result of ignoring the substitution of (H 2 O) for (OH) in the formula of yofortierite.
dEsCripTiOn OF THE sTrUCTUrE

Cation sites: coordination and occupancy
There are two sites, labeled T(1) and T(2), that are tetrahedrally coordinated by O anions with <T-O> distances of 1.621 and 1.617 Å, respectively, and these bond lengths and the site scattering are compatible with occupancy of these sites by Si. There are three M sites, M(1), M(2) and M(3) , that the formula and refined sitescattering values (Hawthorne et al. 1996) indicate to be occupied by Mn and Mg, with minor Fe, Ca, Zn, Na, Ti, and Al. Site-scattering refinement can resolve site occupancy for only two scattering species (Hawthorne 1983) , and hence mean bond lengths and ionic radii (Shannon 1976) are also used to indicate site-occupancies. The sum of the refined M-site-scattering values (Table 5 ) is 105.5 epfu, whereas the effective scattering from the sum of the M site-populations (Table 8) is 100.2 epfu. The assigned site populations should fit these two values equally well, and this may be done by adjusting the site-scattering values and the contents of the three M sites such that their sums are equal to the average value of the sum of the refined M-site-scattering values and the effective scattering from the sum of the M site-populations: 102.9 epfu. We may make what could be called an "educated" crystal-chemical assignment in the following way. Let us assume that the vacancies are ordered at the M(2) site, together with the small higher valence cations Fe 3+ and Ti 4+ . This is not a bad starting assumption, as the remaining M-site cations are Mn 2+ and Mg, with radii of 0.83 and 0.72 Å, respectively, and the aggregate radius of the M(2) cations must be approximately 2.079 -1.360 = 0.719 Å, i.e., M(2) cannot be occupied solely by Mn and Mg because the mean bond length is too short. Moreover, <M(3)-O> is much larger than <M(1)-O> (2.183 versus 2.147 Å), suggesting that Ca, by far the largest M cation, is ordered at M(3). With these assumptions, we may calculate the possible site-populations for M(1) and M(3) from the refined site-scattering values (Table 5) 
Anion sites
The bond valences given in Table 6 (Table 6 ). The maximum bond-valence incident at O (8) 9 . Moreover, the equivalent isotropic-displacement factor for the O(9) and O(10) sites are very high (Table 3 ) compared with the other anions in the formula, indicating either considerable positional disorder or partial occupancy (or both).
Structural connectivity
The T(1) and T(2) tetrahedra link by sharing corners to form a [T 8 O 22 ] ribbon that is identical to the ribbon in amphiboles (Hawthorne & Oberti 2007) . The M(1), M(2), and M(3) octahedra link by sharing edges to form a ribbon of octahedra identical to the M(1,2,3) ribbon in amphiboles. Both of these structural elements extend in the c direction and define the repeat distance of ~5.3 Å in this direction (Fig. 2) . The apical vertices of the tetrahedra link to shared anions on each side of the ribbon of octahedra (Fig. 2) to form an I-beam (Fig. 3) . These I-beams link in the b-direction through sharing anions between tetrahedra, forming large tunnels that are occu- pied by (H 2 O) groups [O(9) and O(10) in Fig. 3] . The H atom located in this work forms an (OH) group with the O(4) atom as the donor anion. The O donor -H bond projects orthogonal to the ribbon of octahedra and forms a hydrogen bond with the O(5) anion of the ribbon of tetrahedra (Fig. 4) .
Short-range order
Crystal-structure refinement provides us with a long-range (average) image of the arrangement of atoms in a crystal, and bond-valence theory (Brown 2002 ) is commonly used with this average structure. However, Hawthorne et al. (1996) and Hawthorne (1997) showed that bond-valence theory can also be used on the local structure in a crystal to examine shortrange arrangements in that crystal, and this approach has since been used extensively to examine short-range arrangements in minerals (Hawthorne & Della Ventura 2007 , Hawthorne et al. 2005 , 2006 . A key aspect of the crystal chemistry of yofortierite is the presence of vacancies at the M(2) site (Table 5) . Inspection of Table  6 shows that the O(4) anion is coordinated by one M(1) site and two M(2) sites. Where all M sites are locally occupied, the bond valence incident at O(4) accords with the valence-sum rule if O(4) is a donor anion to a hydrogen atom. However, the site populations (Table  5) indicate that M(2) has significant vacancy content which will have a major effect on the local bond-valence incident at O(4). In particular, if both M(2) sites locally associated with a specific O(4) O-atom are vacant, the bond valence incident at O(4) is ~0.40 vu and O(4) must be locally occupied by an (H 2 O) group. The situation around O(4) is illustrated in Figure 5 , which shows the coordination of a series of locally associated O(4) anions. 
